Charge carrier transport studies are reported for Si 1 xGex pseudomorphic alloy iayers matched to the (001) Si substrate lattice constant. The effect of biaxial compressive strain on transport is studied by first examining the band structure changes via deformation potential theory and then studying the transport via a generalized Monte Carlo approach. Marked improvements in in-plane hole transport are obtained while significant improvements also occur in the out-of-plane electron transport. These changes are ideally suited for use in n(Si)p(Si l . xGe, )-n(Si) heterojunction bipolar transistors.
Band-edge degeneracies in semiconductors are a key reason for poor transport because of the large angle scatterings involved in most inter-band transitions together with a large phase space available for scattering. Thus the improved electron transport in GaAs compared 10 Si is primarily due to the band edge being singly degenerate (r point) in GaAs and sixfold degenerate (near X point) in Si. Similarly, most semiconductors have poor hole transport due to light hole (LH), heavy hole (HH) degeneracy. In Si, the situation is worsened because of the very small spin orbit splitting separating the split-off (SO) band.
New developments in growth of pseudomorphic (i.e., the in-plane lattice constant is the same as the substrate) lattice-mismatched films provide a viable way to lift ba.ndedge degeneracies. Improved p-type modulation-doped field-effect transistors (MODFETs),I-4 enhanced optical device pcrformance,5 and improved strained base hetcrojunction bipolat transistors (HBTs) using Si Ge systems" 10 have been reported. Perhaps the Si-SiGe system stands most to benefit from those developments due both to the potential of heterostructure concepts being available in Si technology and to improvements in transport properties in the aHoy. Basic transport studies in the strained SiGe system are essential for device design and projection of device potential. Ko such studies currently exist.
In this letter we present results for hole and electron Monte Carlo transport calculations in Si, xGe x pseudomorphic alloy layers, The general problem of transport in semiconductors involves calculating the scattering rates for various scattering mechanisms. According to the Fermi golden rule, the scattering tate is
dn' .
whered'k' = dQ'k '2dk '. Mis the scattering matrix element for the given scattering process, V. is the crystal volume, and the density of nnal states is given by the {) function. The differential scattering rate dWCk,k')/dH' is proportional to the post -scattering state probability distribution. The matrix elements 1l1(k,k') for the modeled scattering mechanisms (e,g., phonons, interband scattering and intraband scattering, alley scattering) are wen known. Monte Carlo methods for cl:~lculating transport properties once the scattering rales and their angular distributions arc known are well documented. The main change required in applying the Monte Carlo methods to the strained system is accoanting for the complex nature of the band structure, which requires the numerical evaluation of the scattering rates. Theoretical analysis of hole transport is more complicated than that of electron transport. This is primarily due to the strong coupling of the heavy, light, and split-off hole valence bands, which in the absence of spin orbit coupling, are degenerate at k = 0 and have the symmetry of the r;5
representation. Materials such as silicon and high silicon content alloys, which have 11 small spin orbit splitting, retain a high degree of coupling between all three valence bands. This coupling leads to strong warping of the constant energy surfaces. Usually, comparatiVely simple analytical expressions are used to represent the overlap function part of the scattering matrix element. 11··13 However, in the SiGe system, the usual simplifications cannot be made for p-type transport. Furthermore, strain induces changes not only in the band structure, but in the valence-band electronic states, requiring direct solution of the eigenstatcs from a 6 X 6 valence-band k·p Hamiltonian matrix. In our calculations, we retain the full band structure ofthe hole states and explicitly evaluate the matrix element for scattering as a function of initial and final wave vectors separately. This of course increases the complexity of our cakuiati()Ils. 14 The hole transport studies are based upon (i) identifying the band structure changes in the valence band via a k'p calculation (including HE, LH, and SO bands) and a valence-band deformation potential theory, (ii) numerical calculations of the post-scattering state probability distributions lmd scattering rates for acoust.ic phonons,15 nonpolar optical phonons (Si-Si like and Ge-Ge like), and alloy scattering,16 (iii) a fun Monte Carlo high-field simulation to calculate the carrier pmperties. In this letter we report results for undoped material; extrinsic effects associated with the Si-Ge optical phonon have been neglected, Harrison and Hauser's model for alloy scattering, 16 which we use in this work, is characterized by a spherically symmetric square well scattering potential of depth Uo' We have investigated hole transport as a function of u..1 from 0.0 to 0.4 e Y, and find a small monotonic decrease in carrier velocity \vith increased Uo. In the absence of experimental data to guide the choice of an effective alloy scattering potential, Uo' we have taken U o = 0.2 eV in the present work. This is on the order of half of the band-gap discontinuity between Si and Ge. Electron transport is essentially studied in the same manner, except the problem is much more simplified due to the analytic nature of the scattering rates, As a check on our formalism, we compare our results with published experimental results in 8i and Ge (circles and triangles: Ref. 17; squares: Ref. 18),  In Figs. I (a) and I (b) we show a comparison of the hole E-k diagram for Si and Si O . 6 Ge OA ' respectively. The aliloy has 1.56% in-plane lattice mismatch with respect to Si, and the compressive strain is reflected in the HH-LH and HH-SO band splittings_ Figure 1 (c) shows the splittings in the conduction and valence bands, as a function of Ge fraction in the aHoy. The lifting of degeneracies due to strain has a very strong effect on both the electron and hole transport properties. This is because carriers in the strained system will be required to overcome an energy threshold, corresponding to the splittings, before interband transitions can occur.
In Fig. 2 (a) tempered by a decreased critical thickness in such materials. Figure 2 (b) shows the effect of the choice of alloy scattering potential on the velocity-field curve of Si o . s Ge O . 2 ' For Fig.  2(a) we have chosen the alloy potential asO.2 eV (i.e., halfaf the band-gap difference between Si and Ge). From Fig. 2 (b) it can be seen that it is important to quantify the alloy poten-tiaL The out-of-plane transport for holes is also improved, but to a lesser extent than for in-plane. Finally, in Fig. 3 we show the simulation results for electron velocity-field relations for Sio.~ GC 02 and Si, along with experimental points for SL For the alloy we show both inplane and out-of-plane transport. The in-plane transport is slightly degraded while the out-of-plane transport is improved. Two aspects contribute to this improvement in the perpendicular transport. First, the band-edge splitting allows a high fraction of carriers to be in the lowered in-plane x valleys which have a lower transverse (in the field direction) effective mass. Second, the intervalley scattering is suppressed due to the splitting of the in-plane and out-of-plane X valleys. On the other hand, for in-plane electron transport, the longitudinal mass of the in-plane valleys dominates the transport and since the mass is higher than the conductionband-edge density-of-states effective mass in Si, the transport deteriorates somewhat.
In summary, we have presented calculations for basic electron and hole transport in Si-Ge alloys. Both in-plane and out-of-plane hole transport in Si l xGeJ lSi (DOl) show increasing mobility with Ge mole fraction x. However, the mobility increase is greater for in-plane than for out-ofplane transport. The out-of-plane electron transport also shows considerable improvements over that of bulk Si. Although several reports of improved device performance in this system have been made, experimental details in transport are still not clear. In particular, the alloy potential used by us is not well characterized experimentally. A need of further experimental investigations of the nature of alloy scattering in this system is indicated. It is hoped that our results will provide motivation for such experimental studles.
This work was supported by the U. S. Army Research Office (grant DAAL03-87-K-0007). The authors also
